BCL-2 interacting cell death suppressor (BIS), which is ubiquitously expressed, has important roles in various cellular processes, such as apoptosis, the cellular stress response, migration and invasion and protein quality control. In particular, BIS is highly expressed in skeletal and cardiac muscles, and BIS gene mutations result in human myopathy. In this study, we show that mRNA and protein levels of BIS were markedly increased during skeletal myogenesis in C2C12 cells and mouse satellite cells. BIS knockdown did not prevent the early stage of skeletal myogenesis, but did induce muscle atrophy and a decrease in the diameter of myotubes. BIS knockdown significantly suppressed the expression level of myosin heavy chain (MyHC) without changing the expression levels of myogenic marker proteins, such as Mgn, Cav-3 and MG53. In addition, BIS endogenously interacted with MyHC, and BIS knockdown induced MyHC ubiquitination and degradation. From these data, we conclude that molecular association of MyHC and BIS is necessary for MyHC stabilization in skeletal muscle.
INTRODUCTION
Skeletal and cardiac muscles are dynamic organs that are constantly adapting in response to mechanical loading and metabolic changes. Autophagosomal and proteasomal protein degradation is critical to ensure muscle integrity and mass; these processes mediate protein quality control by removing damaged proteins and organelles. 1, 2 There is an association between the dysfunctional regulation of these pathways and various muscular diseases. 2 Myofibrillar myopathy (MFM) represents a group of muscular dystrophies with progressive muscle weakness, which is morphologically characterized by the disintegration of the z-disk structure and the intracellular accumulation of degradation products. 3, 4 Mutations in at least nine genes have been found in one MFM patient group. Of these genes, mutations in BCL-2 interacting cell death suppressor (BIS) lead to severe MFM. [5] [6] [7] [8] The BIS protein was originally identified as a BCL-2 binding protein that enhances the anti-apoptotic activity of BCL-2. 9 Because of its ability to bind to various proteins, such as BCL-2, HSP70, HSPB8 and MMP2, BIS is involved in multiple cellular processes, including apoptosis, stress responses, macroautophagy, chaperone-assisted selective autophagy, cell adhesion and migration and senescence. [9] [10] [11] [12] [13] [14] [15] [16] [17] BIS is ubiquitously expressed with the highest levels of expression occurring in skeletal and cardiac muscle. 9, 18 Two research groups have observed different skeletal muscle phenotypes in Bis-disrupted mice. Homma et al. have reported that Bis disruption results in massive apoptosis in cardiac and skeletal muscle and we have observed a decrease in myofibril mass with distinctly disrupted z-disk structure. These data suggest that insufficient quantities of BIS appear to be associated with muscular dysfunction, which is in accord with the identification of BIS gene mutations in MFM patients.
BIS protects the actin-capping protein CapZ from proteasomal degradation and stimulates the clearance of damaged filamin C via chaperone-assisted selective autophagy. 16, 19, 20 Ruparelia et al. 21 have demonstrated that BIS depletion results in myofibrillar disintegration without protein aggregation, whereas the overexpression of the P209L BIS mutant leads to the formation of protein aggregates without myofibrillar disintegration. Furthermore, protein degradation induced by the P209L BIS mutation is not substantially inhibited by autophagy stimulation. Thus, it is possible that BIS coordinates muscle integrity through an autophagy-independent pathway that targets other z-disk structural proteins. Because MFM is caused by protein aggregation and myofibrillar disintegration, and because BIS is involved in the selective clearance of misfolded proteins, there might be a possible link between the MFM phenotype and BIS gene mutation.
Myosin heavy chain (MyHC), which constitutes sarcomere thick filaments, functions as a molecular motor protein in skeletal and cardiac muscle. MyHC mutations have also been found in various human MFM patients. Notably, different mutations in MyHC isoforms (MYH2, MYH3, MYH6, MYH7 and MYH8) lead to various skeletal muscle diseases, such as hypertrophic and dilated cardiomyopathies. 22, 23 Because mutations in BIS and MyHC isoforms are found in human MFM patients, there might be a correlation between BIS and MyHC. In the present study, we report that the mRNA and protein expression levels of BIS gradually increased during skeletal myogenesis. BIS knockdown resulted in a significant decrease in MyHC expression accompanied by a decrease in myotube diameter. Our results suggest that the molecular association of BIS with MyHC prevents MyHC ubiquitination and degradation, thereby helping to maintain the myofibril mass in skeletal muscle.
MATERIALS AND METHODS

Reagents and antibodies
Bafilomycin A1 was purchased from Sigma-Aldrich (St Louis, MO, USA). MG132 was purchased from Selleckchem (Houston, TX, USA). The following antibodies were used for immunoblot or immunofluorescence experiments. Antibodies specific for MuRF1, Myf-5, Myf-6, α-actin and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies for Mgn, Cav-3 and MyoD were purchased from BD Biosciences (San Jose, CA, USA). Anti-LC3B and anti-Ub antibodies were provided by Cell Signaling Technology (Danvers, MA, USA). Anti-MyHC and Atrogin-1 antibodies were obtained from Sigma-Aldrich and ECM Biosciences (Versailles, KY, USA), respectively. The antiserum against BIS or MG53 was prepared as previously described. 9, 24 Cell culture and isolation of primary myoblasts C2C12 cells were purchased from ATCC (Manassas, VA, USA) and grown in Dulbecco's modified Eagle's medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 1% penicillin/streptomycin (Thermo Fisher Scientific) and 10% fetal bovine serum (Thermo Fisher Scientific) in a 5% CO 2 incubator at 37°C. Confluent C2C12 cells were differentiated into myotubes by incubation in differentiation medium with 2% horse serum (Thermo Fisher Scientific) and feeding every 24 h.
To prepare primary myoblasts, 8-to 12-week-old C57BL/7 mice or Bis flox/ − mice were injected with 0.1 mg ml − 1 cardiotoxin from Naja mossambica (Sigma-Aldrich) in the tibialis anterior and quadriceps. After 3 days, the tibialis anterior and quadriceps were dissected from mice and incubated in 250 CDU per ml of collagenase from Clostridium histolyticum (Sigma-Aldrich) in DMEM for 30 min at 37°C
. The muscle fiber suspension was transferred to 100 mm culture dishes, and the collagenase solution was removed. The muscle was washed with Dulbecco's phosphate-buffered saline (DPBS) and triturated with the broken end of a 5-ml Pasteur pipet in 5 ml of growth media composed of Ham's F10 medium (Thermo Fisher Scientific) containing 20% horse serum, 5 ng ml − 1 FGF basic (R&D Systems, Minneapolis, MN, USA), and 1% penicillin/streptomycin. To concentrate the muscle fibers, the culture dish was tilted on the side, and the muscle fibers were transferred to a conical tube. Five milliliters of growth medium was added to the culture dish. The muscle was triturated, collected in a conical tube and centrifuged at 300 g for 3 min at room temperature. The supernatant was discarded and the pellet was washed with DPBS, re-suspended in growth medium and plated on 100 mm Matrigel-coated culture dishes (Corning Life Science, Corning, NY, USA). If necessary, BIS knockout was performed by infecting the Cre-expressing adenovirus, as described below. To differentiate myotubes, cells were incubated in differentiation medium for 2 days.
BIS knockdown and BIS knockout
BIS knockdown in C2C12 cells was performed by siRNA oligomers targeting BIS (5′-AAGGUUCAGACCAUCUUGGAA-3′) and a scrambled oligomer (5′-CCUACGCCACCAAUUUCGUdTdT-3′) (Bioneer, Daejeon, Korea) using electroporation (MP-100, Thermo Fisher Scientific). BIS-knockout primary myoblasts were generated with the infection of adenovirus encoding Cre into the myoblasts from Bis flox/ − mice. To prepare Bis flox/ − mice, the germ line-transmitted male mice from chimeric mice with the targeted allele 25 were mated with EIIa-cre C57B6 female mice (The Jackson Laboratory, Bar Harbor, ME, USA). The male offspring that harbored various types of deletions in the targeting allele were mated with wild C57B6 females to obtain the germ line-transmitted mice with Bis flox in one allele. To ensure the BIS deletion effect, Bis flox/+ mice were mated with Bis heterozygotes to obtain Bis flox/ − mice. Primary myoblasts isolated from Bis flox/ − mice were plated on cell-culture dishes. At 24 h after the cell seeding, the cells were infected by adenoviruses encoding LacZ, GFP or Cre 24 at 9 multiplicity of infection for 16 h. Cells were stabilized with growth medium for 12 h, followed by differentiation to myotubes.
Immunoblot
Cells were lysed with an RIPA lysis buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 2 mM EDTA) supplemented with protease inhibitor cocktail and phosphatase inhibitor cocktail (Roche, Indianapolis, IN, USA). After centrifugation at 14 000 r.p.m. for 10 min at 4°C, the whole cell lysates (supernatant) were separated in SDS-polyacrylamide gels and transferred onto a NC membrane. Antigens were visualized by sequential treatment with specific antibodies, HRP-conjugated secondary antibodies (Thermo Fisher Scientific) and an enhanced chemiluminescence substrate kit (Thermo Fisher Scientific).
Immunofluorescence
C2C12 cells or muscle fibers were fixed with 4% paraformaldehyde in DPBS for 10 min, permeabilized with 0.2% TX-100 for 10 min and incubated with blocking buffer (2% BSA in DPBS). Samples were incubated for 1 h with primary antibodies. After three washes in DPBS for 5 min, samples were stained for 1 h with fluorescein-conjugated secondary antibodies followed by DAPI staining for 5 min and were then observed with a LSM 700 confocal microscope (Carl Zeiss Jena GmbH, Jena, Germany) or an epifluorescence microscope (Nikon Corporation, Tokyo, Japan). After co-staining with anti-MyHC antibody and DAPI (Thermo Fisher Scientific), the myogenic index was determined as the average number of nuclei from the MyHC-positive myotubes in five separate images as previously described. 26 A single muscle fiber was isolated as follows. The tibialis anterior and quadriceps were dissected from mice and incubated in 250 CDU per ml of collagenase from Clostridium histolyticum (Sigma-Aldrich) in DMEM for 30 min at 37°C. The collagenase solution was removed from the muscle. The muscle tissues were washed with DPBS, and a single muscle fiber was released by flushing the muscle fiber using a Pasteur pipet in DMEM. The presence of a single muscle fiber was confirmed under a light microscope and then analyzed by immunofluorescence.
Quantitative real-time PCR
Total RNA was extracted from cultured cells with a RNA extraction kit (iNtRON Biotechnology, Gyeonggi-do, Korea), and cDNA was synthesized using PrimeScript RTase (Clontech Takara Bio., Mountain View, CA, USA). Gene expression was measured according to standard quantitative PCR (qPCR) procedures with ToPreal qPCR 2X PreMIX (Enzynomics, Daejeon, Korea). A LightCycler 480 Instrument II (Roche) was used with following primers:
MuRF1-F (5′-GACAGTCGCATTTCAAAGCA-3′) and MuRF1-R (5′-AACGACCTCCAGACATGGAC-3′). Expression amounts were normalized to 18S or β-actin and represented as fold change.
Luciferase assay
The BIS promoter-luciferase reporter constructs were previously generated. 27 After transfection of these constructs to C2C12 myoblasts or primary myoblasts by electroporation, the cells were differentiated into myotubes. The luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) and GloMax 20/20 Single Tube Luminometer (Promega), which was normalized to Renilla activity.
Pulse-chase analysis
Pulse-chase analysis was performed as previously described. 28 Briefly, C2C12 myoblasts were transfected with si-control or si-BIS (100 nM) and differentiated for 4 days. The myotubes were incubated with methionine-and cysteine-free DMEM (Sigma-Aldrich) for 1 h, pulsed with 10 μCi ml − 1 of EasyTag EXPRESS35S Protein Labeling Mix (Perkin-Elmer, Waltham, MA, USA) for 2 h and then chased with DMEM-containing 2% horse serum for the indicated times. Total cell lysates were immunoprecipitated with an anti-MyHC antibody and separated by SDS-PAGE. 35 S-labeled MyHC was visualized by autoradiography. The intensity of 35 S-labeled MyHC radiation was assessed using the Quantity One program (Bio-Rad, Hercules, CA, USA), normalized to β-actin, and represented as the remaining MyHC rate.
Immunoprecipitation
The cells were lysed in a buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 2 mM EDTA, 1 mM EGTA, 0.5 mM DTT and a protease inhibitor cocktail (Roche). The wholecell lysates were centrifuged at 1400 r.p.m. for 10 min at 4°C; this was followed by pre-clearing with protein A or protein G agarose beads for 1 h at 4°C. The supernatant (1-2 mg of total protein) was incubated with specific antibodies for BIS or MyHC (1-3 μg) overnight and then with 30 μl of a protein A or protein G agarose bead slurry (Roche) for 3 h at 4°C. To elute the proteins from the beads, the beads were washed with lysis buffer three times and boiled in 2 × SDS-protein sample buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol, 200 mM DTT) for 5 min at 100°C. The protein samples were assessed by immunoblot for α-actin, BIS or MyHC.
Statistical analysis
At least three replicates were analyzed for each experiment presented. Statistical values are presented as the mean ± s.e. A two-tailed Student's t-test was used to calculate the P-values. P-values o0.05 were considered as statistically significant.
RESULTS
BIS protein is increased during skeletal myogenesis
To understand the role of BIS in skeletal myogenesis, we analyzed BIS protein and mRNA levels by immunoblot and qPCR during skeletal myogenesis of C2C12 cells. As shown in Figure 1a , BIS protein levels gradually increased along with myogenic marker proteins, such as MyHC, Mitsugumin 53 (MG53), Myogenin (Mgn) and Caveolin-3 (Cav-3). qPCR analysis also showed that the mRNA levels of BIS, MyHC1 and MyHC2b were significantly increased compared with those of C2C12 myoblasts (Figure 1b) . Next, we measured luciferase activity in C2C12 myoblasts and myotubes after the transient expression of a luciferase reporter gene under control of the BIS gene promoter. C2C12 myotubes showed a 4.3-fold increase in luciferase activity compared with that of C2C12 myoblasts ( Figure 1c) .
Next, we examined BIS induction during skeletal myogenesis in mouse satellite cells, which are primary mouse myoblasts. BIS protein levels were greatly increased, as were other myogenic markers (MyHC, MG53, Mgn and Cav-3), during myogenesis (Figure 1d ). In addition, the BIS mRNA level was 1.7-fold higher in satellite cell-derived myotubes than in undifferentiated satellite cells (Figure 1e ). Satellite cell-derived myotubes exhibit a decrease in MyHC1, an isoform expressed in slow twitch muscle fiber, which might be attributable to the source of the satellite cells that were isolated from fast type muscles such as tibialis and quadriceps muscles. A reporter assay for BIS promoter activity also confirmed the transcriptional activation of BIS during satellite cell myogenesis (Figure 1f ).
BIS knockdown decreases MyHC protein level
BIS protein induction during skeletal myogenesis led us to investigate the role of BIS in muscle differentiation. We monitored C2C12 myogenesis by MyHC and MG53 immunofluorescence after BIS knockdown. It should be noted that MG53 is a critical myogenic marker protein. 24, 28, 29 As shown in Figure 2a , the MyHC immunofluorescence signal was prominently weaker in si-BIS-treated myotubes than in si-controltreated myotubes, whereas the MG53 immunofluorescence signal was not different between si-BIS and si-control-treated myotubes. We also measured the myogenic index and the diameter of myotubes after BIS knockdown. Figures 2b and c show that the myogenic index and diameter were lower in BIS knockdown myotubes than in si-control myotubes. Immunoblot analysis also showed that BIS knockdown resulted in a considerable decrease in MyHC protein levels, but did not change the expression level of other myogenic differentiation markers (MG53, Mgn and Cav-3) (Figure 2d ). These data indicate that BIS knockdown induced muscular atrophy in C2C12 cells by reducing the expression of MyHC protein.
Next, satellite cells were isolated from the gastrocnemius muscles of Bis flox/ − mice, infected with adenovirus containing Cre recombinase to suppress BIS expression and differentiated into myotubes. The myogenesis of satellite cells was monitored by MyHC and MG53 immunostaining, the myogenic index, the myotube diameter and immunoblotting (Figures 2e-h ).
Compared with LacZ-infected cells, Cre-infected myotubes revealed a decrease in the myogenic index and the myotube diameter (Figures 2e-g ). Similarly to the results in C2C12 myotubes, BIS knockdown decreased the expression level of MyHC without changing the expression level of other myogenic markers (MG53, Mgn and Cav-3) (Figure 2h) .
Next, we determined whether BIS knockdown affects the activation of myogenic transcription factors, such as MyoD, Mgn, Myf5 and Myf6 during C2C12 myogenesis. It should be noted that these transcription factors are found in the nuclei in the early stage of skeletal myogenesis. As shown by immunofluorescence (Figure 2i ), BIS knockdown did not change the nuclear localization of any of the myogenic transcription factors, suggesting that BIS is not involved in the early stage of skeletal myogenesis.
BIS is necessary for MyHC stability
As quantified in the immunoblot data of Figure 2d , the MyHC protein level was reduced to 23% in BIS-knockdown C2C12 myotubes, compared with si-control cells (Figure 3a) . To determine whether BIS regulates the transcriptional regulation of MyHC, we measured the mRNA level of MyHC isoforms by qPCR after BIS knockdown in C2C12 myotubes. As shown in Figure 3b , mRNA levels of MyHC1, MyHC2a, MyHC2b and MyHC2x were slightly decreased after BIS knockdown, but there was no significant difference, suggesting that BIS knockdown regulates MyHC expression at the posttranslational level. Thus, we performed pulse-chase experiments in si-control or si-BIS-treated C2C12 myotubes to address whether MyHC protein stability is affected by BIS knockdown. Figure 3c shows that [ 35 S]-radiolabeled MyHC protein was more rapidly degraded in si-BIS-treated C2C12 myotubes than in si-control-treated cells. These data indicate that BIS is necessary for the prevention of MyHC degradation.
We then examined whether MyHC degradation is proteasome-or autophagosome-dependent by using BIS knockdown C2C12 myotubes treated with the proteasome inhibitor MG132 or the autophagy inhibitor Bafilomycin A1 (BafA1). As shown in Figures 3d and e , BIS expression levels were restored in the presence of MG132 but not BafA1, indicating that BIS knockdown induced the proteasomal degradation of MyHC, leading to a decreased level of MyHC protein. To confirm the involvement of the ubiquitin-proteasome system in BIS knockdown-induced MyHC degradation, MyHC ubiquitination was determined by ubiquitin immunoblotting after MyHC immunoprecipitation in BIS-knockdown C2C12 myotubes. Figure 4a showed that BIS knockdown induced MyHC ubiquitination, which was enhanced by MG132 treatment. However, BIS knockdown did not change the expression levels of MuRF1 or Atrogin-1 (Figures 4b and c) , which are the major ubiquitin ligases in atrophic skeletal muscle 30 , indicating that the BIS knockdown-induced MyHC ubiquitination and degradation is independent from the activation of MuRF1 and Atrogin-1.
BIS interacts with MyHC
Because BIS knockdown induced MyHC ubiquitination and degradation, it is tempting to speculate that BIS physically interacts with MyHC, thereby forming a relatively stable complex. To address this issue, we determined the cellular localization of MyHC and BIS by immunofluorescence in mouse gastrocnemius muscles. As shown in Figure 5a , the two proteins were colocalized, which was comparable to the previously reported colocalization of BIS and α-actin. 15 Furthermore, co-immunoprecipitation assays showed that BIS physically interacted with MyHC in C2C12 myotubes (Figure 5b) . Together, these results indicate that BIS is necessary for MyHC stabilization in skeletal muscle, which prevents the proteasomal degradation of MyHC.
DISCUSSION
Because BIS is highly expressed in skeletal muscles and because BIS gene mutations result in the development of human MFM, BIS might have a physiological role in skeletal muscle. In the present study, we found that BIS protein levels were gradually increased during skeletal myogenesis in C2C12 cells and mouse satellite cells. BIS knockdown-induced MyHC ubiquitination and degradation and the molecular association of BIS with MyHC indicate that BIS is essential for MyHC stabilization in skeletal muscle.
Homma et al. 18 have argued that BIS knockdown prevents skeletal myogenesis because BIS-knockdown C2C12 myotubes have a lower percentage of multinucleated cells among desminpositive cells and increased apoptosis compared with si-control cells. We also observed that BIS knockdown in C2C12 cells decreased the fusion index to a lesser extent than what was observed in previous findings. However, our current data show that BIS knockdown did not alter the nuclear localization of myogenic transcription factors (MyoD, Mgn, Myf5 and Myf7) or the expression level of myogenic markers (Mgn, Cav-3 and MG53) during skeletal myogenesis in C2C12 cells or mouse satellite cells, which was not mentioned in the previous study (Figure 2) . The results from our elaborate experiments for skeletal myogenesis led to the conclusion that BIS is not involved in skeletal myogenesis at an early stage. However, BIS knockdown led to a significant decrease in myotube diameter and MyHC expression (Figure 2 ), suggesting that BIS knockdown induces skeletal muscle atrophy independently of the expression of MuRF-1 and atrogin-1. This suggestion is in agreement with skeletal muscle phenotypes of Bis-disrupted mice, including notable decreases in myofibril mass with z-disk disruption and eccentric localization of myofibril nuclei representing mature myocytes. 25 Furthermore, the observation that BIS knockdown induced significant atrophy in the myotubes of satellite cells (Figures 2e and g ) suggests the importance of BIS in the regeneration or repair of myofibrils following physical insult or denervation as well as in normal conditions.
Homeostasis in muscle mass is tightly regulated by a coordinated balance between protein degradation and synthesis within muscle fibers according to physiological and pathological conditions. 1,2 Two major degradation pathways, the autophagy-lysosome system and the ubiquitin-proteasome system, are involved in myofibrillar protein degradation, leading to a net loss of proteins and organelles and subsequently to the shrinkage of myofibers. 1 We demonstrated that BIS knockdown decreased MyHC stability via ubiquitinproteasome degradation but not by the autophagy-lysosome system, based on the recovery of MyHC levels by a proteasome inhibitor but not by an autophagy inhibitor (Figure 3) . Because BIS physically interacted with MyHC (Figures 4 and 5) , the molecular association of MyHC with BIS might block the access of MyHC to ubiquitin-proteasome, leading to MyHC stabilization.
The role of BIS in the maintenance of muscle integrity has been previously suggested with a focus on the structural stability of F-actin. 19 BIS does not directly bind to CapZB1, an actin capping protein, but it promotes the interaction between Hsc70 and CapZB1, resulting in a tight association of CapZB1 with F-actin at the z-disk in cardiomyocytes. In the absence of BIS, CapZB1 is destabilized and subsequently degraded through ubiquitin-proteasome machinery because CapZB1 fails to localize to the z-disc. MyHC might have a similar fate as CapZB1 in the absence of BIS.
We showed that BIS knockdown resulted in muscular atrophy, which was probably because of the acceleration of the proteasomal degradation of MyHC, suggesting a novel and essential role for BIS in the maintenance of muscle mass through MyHC stabilization. These findings support the phenotypes in Bis-disrupted mice and MFM human patients with progressive atrophy and muscle weakness, raising the possibility of targeting the BIS gene as a therapy for MFM. However, further experiments are needed to elucidate the molecular mechanism by which BIS protects MyHC from proteasomal degradation.
